Introduction
Au nanostructures have shown to be one of the most promising nanomaterials and have a wide range of potential applications in electronics, biomedicine, biological imaging, optics, catalysis and sensing [1] [2] [3] [4] [5] . The unique optical and electronic properties of Au nanostructures are related to their size and shape [6] [7] [8] [9] and therefore methods to control their size and shape are of special interest.
Since the wider application of traditional top-down fabrication of nanomaterials is impeded by its high cost and size limitation of the synthesized nanostructures, the bottom-up approach has become complimentary to the top-down methods by achieving cost-effective nanofabrication with a high spatial resolution [10] . The fabrication of Au nanostructures have been achieved by aqueous solution self-assembly [11] , seeded growth procedures [12, 13] , templating techniques using natural materials such as viruses [14, 15] , proteins [16] [17] [18] , peptides [19, 20] as well as other predesigned nanostructures. These nanoscale templates can not only direct the deposition, but also assemble Au nanostructures into one-, two-, or even three-dimensional functional architectures, which provides an important way to tune the optical and electronic properties of Au nanomaterials. Au nanomaterials exhibit distinctive surface plasmon resonance (SPR) properties [21] that are highly sensitive to their size, shape, and orientation. The SPR properties of Au nanomaterials make them attractive for applications such as cancer treatment, sensors, and optoelectronics [21, 22] . One dimensional Au nanostructures, in particular, have attracted great attention because they have been developed as building blocks for sensors, catalysts, optics, and nanoelectronic devices [23] [24] [25] [26] . In addition, Au nanomaterial based hetero-nanostructures enabled them with even new optical and electronic properties. The assembly of Au nanoparticles on one-dimensional inorganic nanostructures have been templated by carbon nanotubes [27] , silica nanofibers [28] , and CdSe nanotubes [29] to form the hybrid nanostructures with applications in a variety of areas. For examples, Au-carbon nanotube nanocomposites have demonstrated the applications in biosensors, gas sensors and drug delivery [30] .
Filamentous, arsenic-sulfide (As-S) nanotubes that are 20-100 nm in diameter and 30 μm in length can be massively produced by the dissimilatory metal-reducing bacterium Shewanella sp. via the reduction of As(V) and
2 [31] . These biogenic nanotubes provide powerful templates for bottom-up fabrication of Au nanostructures. Galvanic displacement, a electroless deposition process that occurs efficiently under room temperature, has applications in many areas, particularly in the interfacing of metals (e.g. Ni, Pd, Au) with semiconductor (e.g. InP, GaAs, Si, Ge) surfaces at the nanoscale level [32] [33] [34] . Here, we demonstrated the in situ formation of Au nanocrystals on the surface of As-S nanotubes via galvanic displacement. Biogenic As-S nanotubes served as both the reducing agent and the nanoscale templates during the process.
Aqueous HAuCl 4 is the most commonly used Au precursor in templated synthesis of Au nanocrystals. HAuCl 4 solution is easily hydrolyzed in water and the predominant species is depending on the pH of the solution and [Cl − ] concentration [35] . Although studies of the pH effect on Au nanocrystals synthesis have been reported, the pH dependent speciation of HAuCl 4 has seldom been considered as a factor that will influence the synthesis process and Au nanostructures. Reduction of HAuCl 4 by H 2 O 2 at pH ranging from 2.9 to 12 produced Au NPs with different morphologies, which was due to the pH-dependent reduction ability of H 2 O 2 [36] . The size-controllable synthesis of glutathione capped Au NPs by varying the pHs was attributed to the formation of Au(I)glutathione polymer precursors, which changed their size and density depending on pH [20] . Only in a recent report, Wang et al showed that aqueous HAuCl 4 of different pHs resulted in Au colloids of different particle sizes [37] . In this study, we consider the aqueous pH as an important parameter that would affect the growth of Au nanocrystals on As-S nanotubes. We found that by systematically varying the pH and ratio of As-S/HAuCl 4 , the size and organization of Au nanocrystals could be altered.
Experimental section

Bacterial growth conditions and synthesis of As-S nanotubes
Basal media for dissimilatory iron-reducing bacteria were prepared as described previously (Lee et al 2007) . The medium was adjusted to pH 6.9 with 10 N NaOH. Facultative bacterium, Shewanella sp. HN-41, from laboratory culture collection was grown on Luria-Bertani agar in the dark at 30°C for 24 h. Cells were resuspended in sterile Hepes buffer (30 mM, pH 7.0) to achieve optical density of 2.0 at 600 nm. Subsequently cell suspensions were inoculated to a serum bottle containing the basal medium supplemented with 10 mM lactate (as sodium DL-lactate), 5 mM thiosulfate (Na 2 S 2 O 3 · 5H 2 O) and 5 mM arsenate (Na 2 HAsO 4 · 7H 2 O) to a final optical density of 0.02. Cultures, in sealed serum bottles, were incubated in the dark environment at 30°C for 7 days. After the As-S nanotubes were formed, the serum bottles were opened and the samples were cleaned with deionized (DI) water and resuspended in DI water.
Synthesis of Au nanostructures
After cleaned As-S nanotubes were prepared, 500 μl of As-S nanotube solution and 500 μl of HAuCl 4 (containing 0.01 M NaCl) with different concentrations or pHs were added to the centrifuge tube and mixed well. The amount of As(III), total aqueous As and Au ions in the mixture during the reaction were analyzed by the atomic absorption spectrometer (AAnalyst 800, PerkinElmer). As(V) concentration was calculated by subtracting As(III) concentration from the total As concentration. 
Characterization of synthesized nanomaterials
The measurement of ultraviolet-visible (UV-vis) absorbance spectra during the reaction of As-S nanotubes with HAuCl 4 solution was performed on a Beckman UV-vis spectrophotometer. The As-S and HAuCl 4 mixture was used directly for the UV-vis analysis.
After 6 h incubation of As-S nanotubes and HAuCl 4 solution, the product was collected by centrifugation. The obtained product was rinsed three times with DI water and resuspended into DI water. The size and the shape of the material were observed with a scanning electron microscopy (SEM, XL30-FEG) and the chemical composition of the product was determined by energy-dispersive x-ray Figure 2 . UV-vis absorbance spectra of the mixture during the reaction of As-S nanotubes with 1 mM HAuCl 4 solution at pH 2.9. Insert shows the UV-vis spectra of As-S nanotube solution, aqueous HAuCl 4 solution and the mixture of As-S and HAuCl 4 at 0 min. The 220 nm absorption peak was not shown in the spectrum of HAuCl 4 solution due to the out-of-limit reading in that range, but was shown in the spectra of after 35 min reaction. spectroscopy. The sample was also analyzed using a transmission electron microscope (TEM, Philip CM 300) equipped with selective area electron diffraction. The x-ray diffraction (XRD) analysis was performed using a Rigaku D/max diffractometer with Cu Kα irradiation (λ=0.154 18 nm) at a scan rate of 0.01°s −1 in the range of 10°-90°. Au nanoparticles were randomly chosen from the SEM images to measure their diameters. The nuclei density was determined by dividing the number of particles by half of the surface area of the As-S nanotube on which the number of Au nanoparticles was counted. The surface area of a single As-S nanotube was calculated as 4πdh, where the diameter d and length h of the nanotube in the SEM image was measured using the Image J software.
Measurement of the electrical properties of the nanomaterials
The temperature-dependent electrical conduction properties of the formed nanostructures were investigated. To obtain the conductance from the I-V characteristics, a solution containing the synthesized material was dispensed on prefabricated gold electrodes, and the material precipitates bridging the electrodes were air-dried. The I-V characteristics were measured by using a semiconductor parameter analyzer, with the range of applied voltage from −0.5 to +0.5 V.
Results and discussion
The effect of pH and As-S/HAuCl 4 ratio on Au nanocrystal growth
To study the effect of pH-dependent HAuCl 4 speciation on the growth of Au nanostructures using As-S nanotubes as templates, we chose five different pH values, 2.9, 4.2, 5.3, 6.0 and 7.0. According to the predominance diagram for gold hydroxide-chloride complexes [35] − at pH 7.0 respectively. The yellowish As-S nanotubes were synthesized after 7 days of anaerobic incubation as described previously [38] and were rinsed with DI water, after which the cleaned As-S were resuspended into DI water with a final concentration of about 3 mM. After 1 mM HAuCl 4 solution at different pHs was added to the As-S nanotube solution and incubated for 6 h, different colors for the reaction mixtures were observed-the color was yellow-brown at pH 2.9 and 4.2, red-brown at pH 5.3, dark purple at pH 6.0, and no obvious color change at pH 7.0 (figure 1). UV-vis absorption study was performed during the reaction of As-S nanotubes with HAuCl 4 solution of pH 2.9 at different time points (figure 2). The spectrum of As-S nanotube solution is featureless while HAuCl 4 solution displayed the absorption peaks at 220 and 290 nm, both of which were due to the ligand-to-metal-charge-transfer (LMCT) bands of [AuCl 4 ] − between gold and chloro ligands [39, 40] . During the reaction, the LMCT bands of the [AuCl 4 ] − decreased dramatically, suggesting that the Au 3+ ions in HAuCl 4 solution were reduced into the metallic state [41] . The red shift of the 290 nm peak in the spectrum indicated the increased overall size of the synthesized products during the reaction.
The time-dependent concentrations of Au(III) and As(V) in the solution were measured during the reaction to study the reaction kinetics. At all the pHs studied, the Au ion concentration decreased during the reaction while the concentration of As(V) increased (figure 3), indicating that As was displaced by Au from the As-S nanotubes and released into the solution. The highest reaction rate occurred at pH 6.0, followed by pH 5.3, pH 2.9, and pH 4.2, while the slowest rate was observed at pH 7.0. These results are consistent with the observed more significant color changes of the reaction mixtures with the higher reaction rates.
The morphology of the nanostructures was examined under SEM and TEM. At pH 2.9 and 4.2, large Au nanoparticles with an average diameter of 261 nm were formed and discretely distributed on the surface of the As-S nanotubes (figures 4(b) and (c)), while a small amount of Au nanoplates (triangle, hexagon, etc) were also observed. At pH 5.3, smaller Au nanoparticles were grown along the As-S nanotubes in a higher density ( figure 4(d) ). The particle size was smaller with an average diameter of 96 nm ( figure 6(b) ). XRD analysis of the nanostructures showed powder patterns ((111), (200), (220), (311), (222)) (figure 5), corresponding to the randomly oriented polycrystalline Au crystallites. At pH 6.0, the Au nanoparticles were uniformly deposited on the entire surface of As-S nanotubes (figure 4(e)) and the particle size was even smaller with an average diameter of around 31 nm ( figure 6(c) ). Moreover, the particle size distribution was much narrower at pH 5.3 and pH 6.0 than at pH 2.9 (figure 6), indicating the more uniform size of the synthesized Au nanoparticles at pH 5.3 and pH 6.0. When the pH increased to 7.0, very few small nanoparticles around 10 nm were found on the surface of the As-S nanotubes ( figure 4(f) ). Therefore, except at pH 7.0, the average size of the formed Au nanocrystals decreased while the density of the particles deposited on As-S nanotubes increased with the increasing pH of the reaction mixture. These results clearly demonstrated the dependence of the morphology, size and In addition to pH, it appears that the concentration of aqueous HAuCl 4 also affected the size of synthesized nanoparticles. At pH 5.3 and a fixed concentration of As-S nanotubes, Au nanocrystals of increasing sizes were deposited onto the As-S nanotubes with increasing concentrations of HAuCl 4 from 0.1 to 1 mM. The average particle size increased from 19 nm at 0.1 mM HAuCl 4 , 40 nm at 0.5 mM HAuCl 4 to 90 nm at 1 mM HAuCl 4 (figure 7).
Hypothesized mechanism of Au nanocrystals growth on As-S nanotubes
Au nanocrystals were formed on the surface of As-S nanotubes through a galvanic displacement process, in which free Au(III) ions in the solution were reduced to Au(0) while As(III) was oxidized to As(V) and released into aqueous solution from the nanotubes. Time-dependent SEM images were taken during the course of Au nanostructures synthesis in the mixture of As-S nanotubes and HAuCl 4 solution of pH 2.9 ( figure 8(a) ) to reveal the growth process of Au nanoparticles on the As-S nanotubes. The samples taken from 0, 5 , 10 min and up to 8 h showed that the average particle size of synthesized Au nanoparticles increased with time, from less than 50 to over 200 nm during the process ( figure 8(b) ). Base on this observation, we hypothesized that during the nanocrystals synthesis, Au atoms were concentrated and supersaturated in the solution until Au nuclei were formed along on As-S nanotubes. And the nuclei continued to grow and formed nanoparticles by gathering the reduced metallic gold surrounding the nuclei (figure 9). The surface chemistry of the As-S nanotubes enabled them to serve as structured templates as well as reaction substrates for the site-specific nucleation of gold particles at a range of pHs. The galvanic displacement reaction happened between As-S and Au ions at different pHs could be presented as follows: During the course of metal colloids formation, the colloid size was determined by the nucleation process and the growth of nuclei [37] . At different pHs, the reactivity of the pre- − , the nuclei density was much lower (5 nuclei μm −2 and 8 nuclei μm −2 respectively) but the growth of Au nuclei was still relatively fast (figure 3), leading to the formation of larger and discrete Au nanostructures on As-S nanotubes. In the case of pH 7.0, the reactivity of the dominant species [AuCl(OH) 3 ] − was so low that the nuclei formation and growth were both very slow, resulting in the slow formation of Au nanoparticles with small size on As-S nanotubes. Further validation of the hypothesized mechanism of Au nanocrystals formation on As-S nanotubes at different pHs, however, requires more detailed studies on the nucleation process and nuclei growth using the analytical techniques such as small-angle x-ray scattering and x-ray absorption near-edge spectroscopy [41] .
Formation of Au nanotubes templated by As-S nanotubes
With the insights gained from the initial studies on the effect of pH and ratio of As-S/HAuCl 4 on the formation of Au nanocrystals, we further investigated the feasibility of synthesizing Au nanotubes using As-S nanotubes as templates by properly controlling these two parameters. In order to have continuous deposition of Au nanoparticles on As-S nanotubes and anneal to form Au nanotubes, the Au nuclei density should be high as in the case of pH 5.3 and 6.0. Moreover, the ratio of As-S/HAuCl 4 should be optimal to avoid the formation of discrete nanoparticles. Based on these guidelines, deposition was conducted at pH 6.0 since the synthesized Au nanoparticles had the most continuous organization on As-S nanotubes, under a range of initial As-S/HAuCl 4 ratios. Only at the ratio of As-S/HAuCl 4 of 0.3:1 did we observe the formation of uniform and continuous Au nanotubes (figures 10(a) and (b)). The diffraction pattern showed a unique Au crystal plane which was consistent with the uniformity of the synthesized nanostructures ( figure 10(c) ).
The temperature dependent I-V characterization of the resulting Au nanotubes formed at pH 6.0 showed an increasing resistance of the nanomaterials with increasing temperature (figure 11), which indicated a typical metallic behavior. The difference of the I-V characteristics between the nanostructure and gold bulk material was due to the small boundary scattering effect.
Conclusions
In summary, we demonstrated the transformation of biogenic As-S nanotubes to Au nanostructures by galvanic displacement and the size and organization of the synthesized Au nanocrystals was controllable by manipulation of chemical parameters. The pH-dependent speciation of HAuCl 4 precursors affected the nucleation and growth of Au nanocrystals and Au nanocrystals with smaller size were observed at higher reaction pHs. The size of the Au nanocrystals was also tunable by varying HAuCl 4 concentrations. Fairly uniform and continuous Au nanotubes were obtained using As-S nanotubes as templates at pH 6.0 using an initial ratio of As-S/HAuCl 4 of 0.3:1. The possibility to form nanotubenanoparticle and nanotube-nanotube hetero-structures offers the potential to create materials with novel electronic, optical and catalytic properties.
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